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Abstract 
Background 
Open-top chambers were used to study the impact of simultaneous exposure to atmospheric 
SO2 pollution and heavy metal contamination in soils on the metal contents and productivity 
of soybean plant. 
 
 
Methods 
Plants were exposed at ambient levels as control SO2 (1.2 ppb), low SO2 (97 ppb), and high 
SO2 (490 ppb) over the whole growing season while simultaneously being exposed to either 
Cd (0.5 mg kg−1), Pb (250 mg kg−1), Cu (100 mg kg−1), or Zn (150 mg kg−1) in soil. 
Results 
This experimental study covering the whole growth season has shown that SO2 has a 
synergistic effect in enhancing the heavy metal contents in aboveground tissues of soybean 
plant, and the effects of high SO2 treatment were found to be highly significant, showing 
increases of 42% and 29% for Cu and Cd content of grain, respectively. 
Conclusion 
The research findings are of practical significance in the environmental control for the 
combined pollution of air and soil to ensure the quality of agricultural products and therefore 
benefits for human health. 
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Background, aim, and scope 
Sulfur dioxide (SO2) as a hazardous air pollutant is released from industrial facilities and 
other activities. The Chinese “Environmental Air Quality Standard” states that the daily 
average SO2 concentration should be <135 ppb for natural conservation areas, <405 ppb for 
residential and agricultural areas, and <675 ppb for industrial areas, respectively. 
 
However, for agricultural crops in their growth phase, the maximum concentration of 
SO2 observed should be less than 185 ppb and the mean concentration less than 18.5 ppb 
(State Standard GB9137-88). In China, there are regions that regularly experience 
atmospheric SO2 concentrations higher than the allowed mean values. For instance, in 
Lioaning Province, the average atmospheric SO2 concentration during the summer is 38 ppb 
(Kato et al. 1999). 
 
The regional emissions of SO2 in China are projected to increase from 25.2 million tons (Tg, 
i.e., Teragram) in 1995 to 30.6 Tg in 2020, provided emission controls are implemented on 
major power plants; if this does not happen, emissions could increase to as much as 60.7 Tg 
by 2020 (Streets and Waldhoff 2000; Agrawal and Deepak 2003). Hao and Wang (2005) 
reported that SO2 concentration exceeding the grade II standards occurred in many areas in 
China. 
 
The rapid development of industry and increasing release of agrochemicals into the 
environment have led to growing public concern over the potential accumulation of heavy 
metals within agricultural soil (Huang et al. 2007). Heavy metal contamination of the 
environment has attracted a great deal of attention worldwide. Many contaminants of 
municipal and industrial waste water are sequestered in the soils of such land irrigation 
“sewerage farms” (Xiong et al. 2001). For instance, the Shenyang Zhangshi Irrigation Area, a 
significant area of land, had to be removed from agricultural production because of cadmium 
contamination of soils (Xiong et al.2004). Peri-urban agriculture is vital for the urban 
populations of many developing countries. Increases in both industrialization and 
urbanization and associated air pollution threaten urban food production and its quality 
(Agrawal et al. 2003). 
 
Soybean plants are known to be sensitive to atmospheric sulfur dioxide (Hongfa et al. 1999) 
and to heavy metals in soils. For instance, Borkert et al. (1998) estimated that the critical 
toxicity level for soybean was 70 mg kg−1 of Zn in the soil. The response of soybean plant to 
SO2 is complex and depends on the concentration of SO2 and the nature of the exposure 
(Verma and Agrawal 1996). 
 
China is the world’s third largest producer of soybeans. This crop is grown on approximately 
11.7 million hectares, with an annual production of approximately 15 million tons (People’s 
Republic of China 2009). In China, soybean grain is one of the main sources of protein for 
people, its oil is the main vegetable oil used for cooking, especially in northern China, and its 
vegetative by-products are used as animal fodder. 
 
In areas of high atmospheric SO2 concentrations with contaminated soils, e.g., the Shenyang 
region in China, there is thus justifiable concern that metal and SO2contamination of soil and 
atmosphere, respectively, may be acting synergistically to enhance the negative effects on 
soybean plant growth and productivity seen after individual exposure to these pollutants, and 
pose a direct threat to agricultural production and indirect (food chain) human health risk. 
Cape et al. (2003) reviewed the recent trends and research needs concerning SO2 effects and 
indicated that effective experimental approaches to evaluation should involve relationships 
between pollutant mixtures and plant responses. 
 
In the area of simultaneous effects of SO2 and heavy metal on plants, Krause and Kaiser 
(1977) have done important studies on the plant response to heavy metals and sulfur dioxide, 
five kinds of plants were dusted with a mixture of CdO, PbO2, CuO, and MnO2 and exposed 
to 0.21 ± 0.03 mg/m3 of SO2. They found that SO2exhibited no influence on the translocation 
of heavy metals in any of the observed plant species. Wei et al. (2010) studied the sulfate-
enhanced arsenic accumulation by the arsenic hyperaccumulator Pteris vittata L. 
 
Open-top chambers (OTCs) have been widely used to evaluate the impact of ambient air 
SO2 pollution on plants (Agrawal and Deepak 2003; Tiwari et al. 2006; Rai and 
Agrawal 2008). By manipulating the growing medium in these chambers, it is therefore 
possible to design experiments which can examine the combined effects of both soil and air 
contaminations. 
 
This paper presents the results of experimental studies of the impact of simultaneous 
exposure to atmospheric SO2 and heavy metals in soils on the productivity and metal content 
of soybean plants, particularly focusing on the metal contents of soybean grain and other 
tissues. 
 
Materials and methods 
Experimental facility 
The OTCs similar to those described by Heagle et al. (1973) were used to fumigate soybean 
plants with SO2. The chambers were grouped as control SO2 at ambient SO2 levels, low SO2, 
and high SO2 treatments, respectively. All chambers were separated from each other by about 
10 m. The chambers were essentially cylinders 2.4 m high and 3 m in diameter (Fig. 1). 
 
The chambers were made rigid with an aluminum frame, and a single layer of UV-treated 
PVC plastic film covered the upper half of the frame. The lower half, covered by a double 
layer of the same film, served as an air duct. The inner layer of the lower panel was 
perforated with 250 holes, 2.5 cm in diameter, through which air containing a certain amount 
of SO2 was pumped in for 4 h daily (10 a.m. to 2 p.m.) for up to 55 days during the whole 
soybean growing season. Temperature and relative humidity within the chambers were 
similar to ambient conditions. 
 
Experimental design 
Soybean plants were grown from seed in 2-L plastic pots filled with an artificial potting mix 
made from fine sand/coarse sand/coconut fiber (2:18:8). This artificial growth medium lacks 
many of the components of natural soils; there are no clay particles, for instance. The 
medium, therefore, represents a worst case scenario, in which the metals are readily available 
to the plants, but at the same time, making it easier to observe interactions between 
SO2 exposure and metals on the plants. Six grams of a granular fertilizer, containing NPK 
macronutrients as well as necessary trace elements (Osmocote plus Controlled 
Release Fertilizer), was added to each pot. The pots were top-dressed with KH2PO4 three 
times (2 g pot−1 per dressing on each occasion). 
 
Treatments of potting mix were spiked with the chloride salts of either  Cd (0.5 mg kg−1), Pb 
(250 mg kg−1), Cu (100 mg kg−1), or Zn (150 mg kg−1) of potting material. Every metal 
treatment has three replicates in each chamber. These concentrations were chosen as being 
comparable with the “Environmental Quality Standard for Soils” of the People’s Republic of 
China (GB 15618-1995: Cd for 0.3–0.6, Pb for 250–350, Cu for 50–100, and Zn for 100–
200 mg kg−1, respectively). Although control potting mix was not deliberately supplemented 
with metals, the potting mix in the control pots also contained traces of fertilizer-borne 
metals; for instance, Cu and Zn levels were 1.5 and 0.45 mg kg−1, respectively, representing 
1.5% and 0.3% only for the treatment of Cu and Zn added. 
 
After being soaked for 1 day in water, four seeds were sown per pot. After emergence, the 
three most vigorous plants were retained in each pot. The plants were grown in a nursery for 
1 month and then put in the open-top chambers (exposure day 0) and subjected to daily 
fumigation of SO2 in the low SO2 and high SO2 chambers to day 55 for the duration of the 
experiment. 
In the experiment, each chamber housed a total of 15 pots with three replicates for each of the 
four metal treatments, plus three uncontaminated pots (no metal added).  
 
The rate of flow of SO2 from a high pressure cylinder was controlled according to 
requirement of the chambers for fumigation. The concentration of SO2 in the chambers was 
monitored every half hour using a Thermo Electron Series 43 pulsed fluorescent ambient 
SO2 analyzer, with data stored in a data logger before downloading to computer. The 
analyzer was calibrated with a Thermo Electron Model 145 calibrator, with NBS traceable 
certified permeation tubes. The SO2concentration in the chambers was adjusted manually 
after daily examination of the logged SO2 concentration. No SO2 was pumped into the 
control SO2 enclosure. The SO2 mean concentrations for whole growing season (55 days) in 
control SO2, low SO2, and high SO2 treatment chambers were 1.2, 97, and 490 ppb. 
 
In the control SO2, low SO2, and high SO2 chambers, pots with added metal were designated 
as treatments of control SO2 + metal (control SO2 with metal), low SO2 + metal (low 
SO2 with metal), and high SO2 + metal (high SO2 with metal), respectively. 
 
Sample treatment and analysis 
The soybean plants were harvested at 110 days totally after germination and the last 55 days 
of growth in the OTC. Because some of the leaves withered and fell before the grains 
matured, the fallen leaves were collected from the ground. After grain harvest, the height, 
stem diameter, and internode distance were measured. The plants were divided into five 
tissue groups: grain, pod skin, leaves, stem, and roots. The roots were washed with copious 
volumes of water to remove potting mix from the roots. Each tissue sample was put into a 
brown envelope and then into an oven at 80°C for drying to constant weight. The dry samples 
were then prepared for elemental analysis. The concentrations of Cd, Pb, Cu, and Zn were 
determined by flame atomic absorption spectrometry using a Hitachi model 180-80 AAS 
spectrometer. Analytical quality control was verified using an environment standard 
substance for heavy metals from Environmental Monitoring Station of China. The S contents 
of the soybean plant tissues were analyzed by colorimetric method at spectral wavelength 
440 nm, after HNO3–HClO4 digestion and the BaSO4 was added, and then analyzed by 
spectrometer model 7200 Shanghai Younike Instrument Ltd Co (Lu 1999). 
 
For comparing metal concentrations of soybean grains in the low SO2 with metal and high 
SO2 with metal to control SO2 with metal, as well as the productivities, the relevant data 
were analyzed by using analysis of variance (t tests) in software SPSS version 17 (Coakes et 
al. 2010). 
 
Results and discussion 
Effects of SO2 and heavy metals on the yield of soybean plant 
Verma and Agrawal (1996) reported that disturbances in plant metabolism caused by the 
impact of SO2 generally result in one of three responses: a decrease of yield without injury of 
leaves, injury of leaves without decrease in yield, or both decreased yield and injury to 
leaves. In this study, although there was no visible SO2 injury, it was found that exposure to 
high atmospheric SO2 caused significant stunting of growth of the soybean plant and lower 
grain yields (Table 1). In Table 1, the statistically significant differences of total mass and 
grain yields in the three SO2treatments were analyzed. 
 
The observation that exposure to high SO2 reduced soybean productivity is consistent with 
those of both Verma and Agrawal (1996) and Lee et al. (1997), who reported that elevated 
SO2 concentrations significantly decreased photosynthesis and leaf area index. Hongfa et al. 
(1999) reported that the yield of soybean decreased by 4% at SO2 concentrations as low as 
50 ppb. 
 
The effect of the heavy metals in the absence of elevated SO2 can be observed from the data 
in Table 2. In the control SO2 chambers, grain yield was significantly reduced following 
exposure to Cu and Zn treatments. Zinc exposure reduced grain yields from an average of 
9.2 g plant−1 to 3.4 g plant−1. Indeed, zinc exposure significantly reduced plant height, stem 
diameter, internode distance, pods per plant, pod skin, and stem yields. Only leaf yield 
remained unaffected by zinc exposure in the control SO2 chamber. At the exposure levels 
chosen, Cu had a similar but less pronounced effect to that of Zn; with Cd, the effect was less 
still, but for Pb, there was very little effect except for perhaps a reduction in leaf yield. The 
statistically significant differences of total mass and grain yields in the Cd, Cu, Pb, and Zn 
treatments compared with control (no metal added) respectively were shown in Table 2. The 
impact of Cd and Pb treatments compared with control (no metal added) is much less than Cu 
and Zn in the experiment studies. 
 
In the low SO2 chamber, Cu and Zn treatments reduced grain yields from an average 8.8 g 
plant−1 to 4.6 and 2.3 g plant−1, respectively. In the high SO2 chamber, Cu and Zn treatments 
reduced grain yields from an average 7.0 g plant−1 to 3.3 and 1.7 g plant−1, respectively. In 
the low SO2 and high SO2 chambers, the impact on total mass and grain yields in the Cd, Cu, 
Pb, and Zn treatments compared with control (no metal added), respectively, was statistically 
analyzed and its significant differences were shown in Table 3 and Table 4. The impact of Cd 
and Pb treatments compared with control (no metal added) is much less than Cu and Zn in the 
experiment studies. 
 
Annual production of soybean in China is approximately 15 million tons. Soybeans provide 
grain for milling, resulting in oils for cooking and biodiesel and soybean meal for animal 
food. Allowing atmospheric SO2 levels to reach about 500 ppb, even without heavy metal 
contamination in soil, would reduce soybean grain yield by 27%; this would have a 
significant impact on human food and oil supplies, and if the crops were grown in the areas 
with simultaneous exposure to the SO2 and heavy metals, the impact would become even 
serious. 
 
Effect of simultaneous exposure to SO2 and heavy metals on metal content in plant 
tissues 
From soil, metal contaminants may find their way, directly or indirectly, into the human food 
chain. For instance, if metals are sequestered in the soil in bioavailable form, 
phytoaccumulation by crops will see an inexorable rise in metal contents of farm produce. 
The aboveground tissues of many plants are fed to farm animals, many of which are 
subsequently slaughtered for human consumption. Bioaccumulation of metals from fodder 
thus provides an indirect route, by which metals such as Cd can enter the human food chain. 
 
In order to explore the combined effect of heavy metals in potting medium and atmospheric 
SO2 on the translocation of metals, the concentrations of Cd, Cu, Pb, and Zn in the tissues 
were determined. The experimental results are shown in Fig. 2. 
 
The different tissues showed different accumulation patterns with different metals, but 
generally with the root, leaf, and stalk having higher metal concentrations than the grain and 
pod skin. 
 
Increased metal concentrations in the tissues are not just a function of the elevated metal 
concentrations in growth media, but are obviously promoted by atmospheric 
SO2 concentrations. 
 
Cd, Cu, Pb, and Zn concentrations in pod skin and stalk of soybean plant were enhanced with 
SO2 fumigation and Cd and Cu in leaf as well. The effects are greater for Cd, Cu, and Pb than 
for Zn. For example, the data of Cd content of the stalks in high SO2 + Cd, Cu content of 
stalks in the high SO2 + Cu, and Pb content of pod skin in the high SO2 + Pb treatments are 
approximately twice higher than those concentrations of the corresponding tissues of soybean 
plants growing in the same metal treatments in the control SO2 chambers shown in Fig. 2. It 
is thus clear that atmospheric SO2 promoted the accumulation of heavy metals in 
aboveground tissues. 
 
Relationship of metal content and sulfur concentration in plant tissues 
Exposure to elevated atmospheric SO2 significantly increased S concentration in the grain, 
pod skin, leaves, and stalks, but not the roots (Fig. 3). 
 
This study has shown that SO2 fumigation resulted in an increase of the sulfur contents of 
aboveground tissues. The ratio of S concentration in plant tissues and SO2 concentration of 
atmosphere in top-open chambers was in the order: stalk ≥ leaves > pod skin > grain. The Cd, 
Cu, Pb, and Zn concentrations of stalk in the high SO2 chambers were 1.94, 1.97, 1.67, and 
1.30 times greater, respectively, than those concentrations of stalk growing at the control 
SO2 chambers with the corresponding metals (Fig. 3). The study clearly shows that 
SO2 fumigation increased the sulfur contents in the plant tissues. Sulfur metabolism in the 
plant is related to the accumulation of heavy metals in the stalk, and the increased sulfur 
content would promote the accumulation of heavy metal in the corresponding tissues. 
 
Statistical analysis of simultaneous exposure to SO2 and heavy metals on metal content 
of soybean grain 
What this experimental study demonstrates is the synergistic effect of simultaneous exposure 
to heavy metals in root growth medium and atmospheric SO2 on grain metal contents for the 
four metals investigated. The low SO2 concentration (97 ppb) resulted in 1.21-, 1.21-, 1.10-, 
and 1.05-fold increases in Cd, Cu, Pb, and Zn concentrations of grains, respectively, 
compared with the corresponding control SO2level of 1.2 ppb. At the high SO2 concentration 
(490 ppb), the corresponding increases were 1.41-, 1.72-, 1.22-, 1.16-fold, respectively. The 
synergistic effect of SO2 on the uptake of Cu and Cd is thus greater than for Pb and Zn. In 
Table 5, there are three treatments as control SO2, low SO2, and high SO2, in which the Cd, 
Pb, Cu, and Zn added as one dose only, as either Cd (0.5 mg kg−1), Pb (250 mg kg−1), Cu 
(100 mg kg−1), or Zn (150 mg kg−1). The statistical analysis is to measure the single effect of 
three different concentrations of SO2 on each heavy metal content of soybean grain, 
respectively. 
 
The effects of simultaneous exposure of SO2 and metals on grain metal contents were 
statistically analyzed and shown in Table 5, which indicated that the effects for Cu and Cd 
are highly significant. There were increases observed for both Pb and Zn; however, our 
experiments were not sufficient to demonstrate statistical significance. 
 
The relationship of metal content and sulfur concentration in grain was also examined. The 
grain sulfur contents at high SO2 with Cd, Cu, Pb, and Zn treatments increased by 23%, 23%, 
27%, and 13% compared with those of S contents in the grain growing in the control 
SO2 chambers with the Cd, Cu, Pb, and Zn treatments, respectively (Fig. 4). 
 
These data above showed that the synergistic effects of SO2 on the heavy metal content of the 
grain relate to the sulfur content in soybean grain. Again, the effect of SO2 is stronger for Cu 
and Cd than for Zn, which is expected considering the close relationship between metal 
content and sulfur concentration in grain. However, for Pb treatment in high SO2 chamber, 
the sulfur content in grain was even up to 27% higher than in control SO2 chambers, but the 
synergistic effects of sulfur on Pb content in grain is not distinct. Therefore, the mechanisms 
of how the sulfur dioxide, sulfur, and their metabolisms affect the transportation and 
accumulation of different heavy metals in the plant tissues should be further studied. 
 
Conclusions 
There is understandable concern that both metal pollution of soil and SO2 pollution of 
atmosphere may promote metal contamination of soybean plant tissues because exposure to 
both of these contaminants is common in agricultural areas close to industrial and urban 
sources in some regions of China and other countries as well. This study is just focusing on 
the combined pollution of air and soil with particular regard to the heavy metal content of the 
soybean plant tissues. 
 
It is known that metal content of soils has an effect on the metal contents of soybean tissues, 
but we have found that in conjunction with SO2, this effect is much greater. When plants 
were exposed simultaneously to SO2 in atmosphere with Cd or Cu polluted in soil, the 
contents of Cd or Cu of soybean grain increase synergistically. The SO2-induced increase of 
Cd was statistically significant (P < 0.05) at a SO2 contamination level of 97 ppb; the 
corresponding increase for Cu was highly significant (P < 0.005). At a SO2 contamination 
level of 490 ppb, both increases were highly significant. Although there were increases 
observed for both Pb and Zn, our experiments were not sufficient to demonstrate statistical 
significance. We also report data for metal concentrations for other tissues of the soybean 
plant. 
 
The findings presented here are of practical significance in the environmental control of the 
combined pollution of air and soil to ensure the qualities of agricultural products and 
therefore benefits to human health. 
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Fig. 1. Large open-top chamber in field experiment 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Cd, Cu, Pb, and Zn concentrations (mg kg−1 dry mass) in pod skin, leaf, and stalk of 
soybean in the impact of simultaneous exposure to atmospheric SO2 pollution and heavy 
metal contamination in potting mixtures 
 
 
 
 
 
 
 
 
Fig. 3. Effect of SO2 on sulfur content (percent by mass) of soybean in metal control plants, 
i.e., plants grown in potting mixtures not deliberately contaminated with heavy 
metals. n (number of sample) = 3 in all cases 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Effect of simultaneous exposure to SO2 and heavy metals on S content of soybean 
grain (percent by mass). n (number of plots) = 3 in all cases. The metal treatment 
with No indicates that no metals were added to the potting mix 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Effect of SO2 on average growth and production of soybean in metal control plants, 
i.e., plants grown in potting mixtures with no added heavy metals 
 
Treatment 
Yield (g per plant) Plant dimensions (cm) 
Total 
mass Grain 
Pod 
skin Leaf Stem Ht. Diam. In. 
Control SO2 24.3A 9.2a 6.0 3.9 5.3 59.7 0.8 5.5 
(1.2 ppb) (11) (8) (12) (5) (27) (4) (3) (8) 
Low SO2 21.9B 8.8b 5.4 3.3 4.3 52.5 0.7 5.2 
(97 ppb) (16) (9) (11) (9) (7) (5) (11) (11) 
High SO2 18.6C 6.7c 5.0 3.0 3.8 47.4 0.6 4.4 
(490 ppb) (12) (12) (8) (7) (15) (5) (8) (11) 
 
n number of plots = 3 in all cases. Figures in parentheses are coefficient of variation 
(percent). Letters highlight statistically significant differences at the levels: A vs. B (0.05), A 
vs. C (0.01), B vs. C (0.05); a vs. b (0.05), a vs. c (0.01), b vs. c (0.01) 
Ht plant height, diam plant diameter, In internode (distance between leaf nodes) 
 
 
 
 
 
Table 2. Summary of soybean production and growth in metal-added potting mix 
 
Treatment 
Yield (g per plant) Plant dimensions (cm) 
Total 
mass Grain 
Pod 
skin Leaf Stem Ht. Diam. In. 
Controla 24.3A 9.2a 6.0 3.9 5.3 59.7 0.8 5.5 
  (11) (8) (12) (5) (27) (4) (3) (8) 
Cd added 21.2 8.4 5.5 2.8 4.4 50.3 0.7 4.6 
(0.5 mg kg−1) (4) (7) (6) (24) (12) (7) (6) (5) 
Cu added 16.6C 5.4c 5.0 3.0 3.2 40.7 0.6 4.1 
(100 mg kg−1) (21) (10) (14) (21) (8) (12) (14) (22) 
Pb added 23.1 10.2 6.3 1.9 4.6 56.0 0.8 5.1 
(250 mg kg−1) (15) (7) (9) (13) (17) (14) (7) (16) 
Zn added 13.7 E 3.4e 3.7 4.6 2.0 32.0 0.5 3.6 
(150 mg kg−1) (23) (9) (13) (26) (9) (7) (13) (15) 
 
n number of pots = 3 in all cases. Figures in parentheses represent the coefficient of variation 
in data (percent). Letters highlight statistically significant differences at the levels: A vs. C 
(0.005), A vs. E (0.005), a vs. c (0.005), a vs. e (0.005) in control SO2 chamber (natural 
condition of air) 
Ht plant height, diam plant diameter, In internode (distance between leaf nodes) 
aThe control means that no heavy metals were added 
Table 3. Summary of soybean production and growth in metal-added potting mix 
 
Treatment 
Yield (g per plant) Plant dimensions (cm) 
Total 
mass Grain 
Pod 
skin Leaf Stem Ht. Diam. In. 
Controla 21.9 A 8.8 a 5.4 3.3 4.3 52.5 0.7 5.2 
  (9) (9) (7) (15) (11) (5) (11) (11) 
Cd added 21.2 8.5 5.5 2.8 4.4 50.1 0.7 4.7 
(0.5 mg kg−1) (19) (9) (11) (9) (17) (6) (9) (7) 
Cu added 14.0 C 4.6 c 4.4 2.3 2. 7 38.8 0.6 4.3 
(100 mg kg−1) (12) (9) (10) (4) (20) (11) (8) (12) 
Pb added 20.0 7.8 4.9 3.3 4.0 50.7 0.7 4.7 
(250 mg kg−1) (17) (11) (9) (17) (12) (9) (17) (14) 
Zn added 9.9 E 2.3 e 2.9 3.3 1.5 23.3 0.4 2.5 
(150 mg kg−1) (24) (10) (13) (19) (14) (15) (12) (13) 
 
n number of pots = 3 in all cases. Figures in parentheses represent the coefficient of variation 
in data (percent). Letters highlight statistically significant differences at the levels: A vs. C 
(0.005), A vs. E (0.005), a vs. c (0.005), a vs. e (0.005) in low SO2 chamber 
Ht plant height, diam plant diameter, In internode (distance between leaf nodes) 
aThe control means that no heavy metals were added 
 
Table 4. Summary of soybean production and growth in metal-added potting mix 
 
Treatment 
Yield (g per plant) Plant dimensions(cm) 
Total 
mass Grain 
Pod 
skin Leaf Stem Ht. Diam. In. 
Controla 18.8 A 7.0 a 5.0 3.0 3.8 47.4 0.6 4.4 
  (11) (12) (10) (8) (13) (5) (8) (11) 
Cd added 17.5 7.0 4.7 2.2 3.6 47.5 0.6 4.7 
(0.5 mg kg−1) (12) (10) (9) (12) (17) (4) (7) (20) 
Cu added 10.0 C 3.3 c 3.0 1.6 2.1 31.4 0.5 3.1 
(100 mg kg−1) (23) (11) (8) (24) (18) (10) (13) (9) 
Pb added 17.0 6.6 4.8 2.0 3.6 46.2 0.6 4.6 
(250 mg kg−1) (16) (13) (15) (15) (17) (11) (11) (13) 
Zn added 7.3 E 1.7 e 2.0 2.5 1.0 20.7 0.4 1.8 
(150 mg kg−1) (25) (14) (11) (11) (19) (16) (11) (18) 
 
n number of pots = 3 in all cases. Figures in parentheses represent the coefficient of variation 
in data (percent). Letters highlight statistically significant differences at the levels: A vs. C 
(0.005), A vs. E (0.001), a vs. c (0.001), a vs. e (0.001) in high SO2 chamber 
Ht plant height, diam plant diameter, In internode (distance between leaf nodes) 
aThe control means that no heavy metals were added 
 
Table 5. Cd, Cu, Pb, and Zn concentrations (mg kg−1 dry mass) in soybean grain 
 
Treatment 
of pots 
Metal 
measured 
 
 
 
Pots in chamber 
 
 
Control SO2 
 
 
 
 
 
Low SO2 
 
 
 
 
 
High SO2 
(1.2 ppb) (97 ppb) (490 ppb) 
Cd added 
(0.5 mg kg−1) Cd 0.61a (19) 0.74b (6) 0.86c (7) 
 
        
Cu added 
(100 mg kg−1) Cu 15.50d (10) 18.77e (11) 26.65f (6) 
 
        
Pb added 
(250 mg kg−1) Pb 0.68 (27) 0.75 (11) 0.83 (8) 
 
        
Zn added 
(150 mg kg−1) Zn 76.50 (19) 80.25 (9) 88.85 (11) 
 
        
 
n number of pots = 3 in all cases. Figures in parentheses represent the variation in the data 
(coefficient of variation, percent). Lowercase letters highlight statistically significant 
differences at the levels: a vs. b (0.05), a vs. c (0.01), b vs. c (0.05), d vs. e (0.005), d vs. f 
(0.001), e vs. f (0.005) 
